ABSTRACT: Phytoplankton pigment composition was studied by means of HPLC during an 8 mo period with emphasis on the diatom spring bloom. Twenty-five different pigments were detected and their concentration patterns are shown. The pigment composition revealed that, besides diatoms, nannoplanktonic cryptomonads and green algae play an important role in the phytoplankton community of the coastal waters of Roscoff. High concentrations of chlorophyll a degradahon products were never observed. Seven different phaeophorbide a-hke, 2 phaeophytin a-like and phaeophytin b were detected. Correspondence analysis of pigment data can be used to show the dynamics of the phytoplankton community.
INTRODUCTION
The diatom spring bloom in the coastal waters of Roscoff (Northern Brittany, France) shows a species succession which often culminates in a nearly unialgal bloom of Rhizosolenia delicatula (Grall & Jacques 1964 , Grall 1972a . The nannoplankton is rather stable throughout the year (Grall 1972a) . It consists mainly of cryptomonads and the other algal classes are quantitatively not important in these coastal waters (Grall 1972a , Riaux 1983 .
The phytoplankton pigments in this region were studied until now by means of fluorometric or spectrophotometric methods (cf. Strickland & Parsons 1968) . These techniques do not differentiate between chlorophyll a, iso-and allomere chlorophyll a and chlorophyllide a , or between phaeophytin a and phaeophorbide a. This can lead to considerable errors in calculated pigment concentrations (cf. Lorenzen & Jeffrey 1980 , Gieskes & Kraay 1983b , Conover et al. 1986 ). With chromatographic techniques (TLC and HPLC), nearly all pigments and their degradation products are separated and quantified accurately (e.g. Abaychi & M e y 1979 , Jeffrey 1981 . The pigment composition can be used for chemotaxonomic purposes (e.g. Gieskes & Kraay 1983a , 1986 , as several pigments or pigment combinations are only found in cer-O Inter-Research/Printed in F. R. Germany tain algal classes (cf. van den Hoek 1978 , Parsons et al. 1984 . Phaeophytin a, phaeophorbide a and chlorophylhde a have been reported as the major chlorophyll a degradation products (Lorenzen 1967 , Jeffrey 1974 , Gieskes & Kraay 1980 , Hallegraeff 1981 , Gowen et al. 1983 , Ridout & Morris 1985 , Trees et al. 1986 . Chlorophyllide a is a normal compound in the algal cell since it is an intermediate in the chlorophyll a synthesis (Meeks 1974) . It can be found in high concentrations in senescent cells (Jeffrey 1974) and after superfluous feeding by copepods (Gieskes & Kraay 1980) . Phaeophytin a and phaeophorbide a are the result of zooplankton grazing (cf. Daley 1973 . Jeffrey 1974 , 1980 . Recently some new chlorophyll a degradation products were detected: phaeophytin alike and phaeophorbide a-like derivatives (Vernet 1983 , Hallegraeff & Jeffrey 1984 , Engelkes 1985 , Hawkins et al. 1986 , Marker et al. 1986 , Roy 1986 ). However, in grazing experiments with the protozoan Oxyrrhis marina very Little chlorophyll a was degraded to phaeophytin a and none to phaeophorbide a (Klein et al. 1986 ) and Protozoa seem to be able to digest both chlorophylls and carotenoids to colourless residues (Burkill et al. 1986 , Klein et al. 1986 ).
The present paper is the second of a series dealing with data from samples collected in the coastal waters of Roscoff (Sournia et al. 1987) . It deals with the results of first detailed analyses of phytoplankton pigments during an 8 mo period in this region, reflecting clearly the dramatic phenomenon of the annual diatom spring bloom.
MATERlALS AND METHODS
The sampling station and sampling are described in detail by Sournia et al. (1987) . Phytoplankton was enumerated using Utermohl's sedimentation technique. Samples for pigment analysis were taken every fortnight from 14 January until 28 May and from 9 July untd 23 August and daily from 1 June until 2 July (Julian Days 14 to 148, 190 to 235 and 152 to 183 respectively). The sample (generally 2 1) was filtered through Whatman GFIF filters. The filters were stored immediately at -20°C until analysis in August. Filters were ground in 5 or 10 m1 90 O/O acetone in a Potter tissue grinder with a teflon pestle placed in a 0°C waterbath. The extract was centrifuged and filtered through a 0.5 pm filter unit (Millex-SR, Millipore Corporation). Immediately before analysis 500 fl of the pigment extract was mixed with 150 p1 PIC (ion-pairing agent: 1.5 g tetrabutylammonium acetate [Fluka] and 7.7 g ammonium acetate [Merck] in 100 m1 water, pH 7.1 [Mantoura & Llewellyn 1983) ). The water-soluble phycobiliproteins (major pigments of cryptomonads and cyanobacteria; cf. van den Hoek 1978 , Parsons et al. 1984 were not determined in the present study. The sample was prepared in about 15 min. This was done under dim light conditions. The High Performance Liquid Chromatography (HPLC) system consisted of a Valco C6U injector (sample loop 100 or 250 pl) and 2 LDC-Milton Roy Constametric I11 pumps controlled by an Apple 11+ compatible computer with 'The Gradient Programme' ver- (1984) . The reproducibility of the peak heights (coefficient of variation) was less than 7 '10. 
Diatom pigments
Most of the diatom pigment concentrations show a rather similar pattern (Fig. 2) , except neofucoxanthin and diatoxanthin, which show much scattering. The pigment concentrations show clearly that the diatom bloom started between JuLian Days 148 and 152 and declined from Day 170 on. There appear to be 2 periods separated by a period of lower concentrations (Days 159 to 161). The highest concentrations were observed during Days 158, 165, 166 and 167. The microphytoplankton was dominated by diatoms and the obtained results correspond fairly well with diatom cell densities ( Fig. 2; for details see Sournia et al. 1987 ). However, the prominent cell density maximum at Day 166 is less evident in the pigment concentrations. Fig. 2 . Zeaxanthin CO-eluted with lutein. Chlorophyll b and lutein show similar concentration patterns. Violaxanthin shows much scattering and neoxanthin was only detected at the end of the studied period. Chlorophyll b and lutein obtained their maximum concentration at Day 161. On this day, diatom cell numbers began to increase and the diatom pigment concentrations were somewhat lower (cf. Fig. 2 ). Surprisingly, chlorophyll b and lutein concentrations decreased at the same time as diatom pigment concentrations (Days 171 to 174). Since nannoplankton cell counts are not available, it is not possible to say whether variations in pigment concentrations were caused by variations in green algal densities or by variations in pigment content per cell.
Cryptomonad pigments Green algal pigments
The xanthophyll alloxanthin was detected in most samples, indicating the presence of cryptomonads. The Chlorophyll b and to a lesser extent lutein were concentrations of the acetone-soluble pigments d odetected throughout the studied period, indicating the xanthin and a-carotene are shown in Fig. 4 and presence of green algae. The concentrations of chlorophyll a, chlorophyll c and diatoxanthin in Fig. 2 . chlorophyll b, lutein, violaxanthin and neoxanthin are
The typical cryptomonad pigments (alloxanthin and crshown in Fig. 3 and of chlorophyll a and P-carotene in carotene) show a rather different concentration pattern to pigments which are also found in diatoms. The alloxanthin concentration was rather stable from Day 116 till Day 161. The concentration was about 3x lower during the culmination and the decline of the diatom bloom. Since nannoplankton cell counts are not available, it is not possible to say whether the cryptomonad density, or the pigment content per cell, decreased. It should be noted that the alloxanthin concentration does not show the obvious decrease observed in &atom and green algal pigments (Days 171 to 174). This indicates that cryptornonad pigment concentrations and probably cell densities were not affected by the same phenomenon as the green algae and the diatoms. Phaeophorbide a-like derivatives Several small peaks, with retention times between 7.8 and 11.4 min, were observed on the fluorescence chromatograms in the region of the phaeophorbide a peak (Fig. l) . Comparison of the retention times showed that there were 7 different components; 2 of them were somewhat more polar and 4 were less polar than phaeophorbide a. These 6 unknown components are probably phaeophorbide a-like chlorophyll derivatives. The concentrations were too low to verify this. The concentrations of phaeophorbide a and the phaeophorbide a-like derivatives are shown in Fig. 6 . Phaeophorbide a and phaeophorbide a-like 2 and 6 were observed during the whole investigation period, whilst the other phaeophorbide a-like derivatives were At the culmination of the bloom, phaeophorbide a and phaeophorbide a-like 1, 4 , 5 and 6 were present in moderate concentrations. All compounds were observed during the decline of the bloom, often attaining high concentrations. It seems likely that the 7 derivatives do not have the same origin (e.g. different zooplankters, different feeding rates etc.), as their concentration patterns are quite different. The sum of the concentrations of these 7 phaeophorbide a-like derivatives was highest at the end of the decline of the bloom (Fig. 5) .
Phaeophytin a-like derivatives
Two different phaeophytin a-like peaks were observed (Fig. 1 ). The peak with the shorter retention time corresponds to that of the phaeophytin a standard.
Both derivatives were observed in high concentrations just before the culmination of the bloom (Days 164 and 165; Fig. 7) . Phaeophybn a obtained its highest concentrations during the decline of the bloom, when the phaeophytin a-like derivative was absent. During the period of new chlorophyll a increase (Days 178 to 183), the phaeophytin a-like derivative was present and phaeophytin a was not detected. This indicates that the 2 derivatives probably have a different origin. The total phaeophytin a concentration (sum of phaeophytin a and phaeophytin a-like) showed its maximum concentrations before the culmination and during the decline of the bloom (Fig. 5) .
Chlorophyllide a
Chlorophyllide a was only found in very low concentrations, which showed a somewhat particulate pattern (Fig. 7) . During the bloom period the concentration was relatively high. The chlorophyllide a concentration also showed the fluctuations observed in the diatom pigments on Days 158 and 159. The highest concentrations were observed on Day 130 and just before the culmination of the bloom (Day 165).
AUomere and isomere chlorophyll a On all chromatograms there was a small peak just in front of the chlorophyll a peak (Fig. 1) . This peak is probably due to allomere chlorophyll a, although an identification was not carried out. The concentrations of this pigment ( The sum of all chlorophyll a derivatives: chlorophyll a ratio shows that the degradation products can attain up to 75 % of the actual chlorophyll a concentration (Fig. 8) .
Chlorophyll b derivatives
The concentration of phaeophytin b, degradahon product of chlorophyll b, is shown in Fig. 9 . The concentration fluctuated sirmlarly to that of chlorophyll b. Other chlorophyll b degradation products were not observed during this series of analyses.
Correspondence analysis
In order to summarize in a concise way this relatively large amount of information, correspondence analysis (cf. Benzecri 1970 , Teil 1975 ) has been chosen. For this analysis only the concentrations of the most abundant pigments were used together with the sums of the phaeophorbide a-like and of the phaeophytin a-like derivatives. Pigment concentrations were rescaled so that all ranges were similar.
Projections of the 46 samples and 12 pigments on the plane of the first 2 axes of the resulting diagram ( Flg. 10. Plane of the first and the second axes determined by correspondence analysis of phytoplankton pigment data (46 samples, 12 pigments) from the coastal waters of Roscoff sampled during the period J a n to Aug 1985. Sample points: (a) pre-bloom period (Days 14 to 148); (a) bloom period (Days 152 to 170); ( X ) decline (Days 171 to 176); (D) post-bloom period. Plgment points: 1, chlorophyll a ; 2, chlorophyll c; 3, fucoxanthin; 4, diadinoxanthin; 5, neofucoxanthin; 6, allomere chlorophyll a ; 7, chlorophyllide a ; 8, p-carotene; 9, chlorophyll b; 10, alloxanthin; 11, 1 phaeophytm a and phaeophyhn a-like derivative; 12, 2 phaeophorbide a and phaeophorbide a-like derivatives phaeophorbide a-like concentrations. Samples from the pre-bloom period (Days 14 to 148) and the postbloom period (Days 177 to 235) are dispersed, which indicates a great variability in pigment composition and shifts in pigment abundances, thus reflecting changes in the phytoplankton community.
DISCUSSION
The pigment composition of the phytoplankton in the coastal waters of Roscoff reflected clearly the bloom of the hatom Rhjzosolenia delicatula from 1 to 20 June (Days 152 to 172). The chlorophyll a concentration pattern was similar to that of the major diatom pigments chlorophyll c and fucoxanthin (cf. van den Hoek 1978 , Parsons et al. 1984 indicating that the other algal classes did not contribute much to the concentration of this common pigment. Pigment concentrations were rather low before and after the diatom bloom (e.g. chlorophyll a less than 1 pg 1-l). During the bloom the concentrations were much higher (chlorophyll a between 2.8 and 4.8 pg I-'). The maximum observed chlorophyll a concentration was within the range of previous observed annual maxima (between 0.92 and 6.2 pg 1-' with one exceptional value of 12 pg 1-l; Grall & Jacques 1964 , Grall 1972a , b, Riaux & Grall 1982 , Martin-Jezequel 1983 , Wafar et al. 1983 ).
The phytoplankton community at Roscoff consists besides diatoms mainly of cryptomonads (Grall 1972a , Riaux 1983 ). This is confirmed by the detection of alloxanthin and &-carotene. Peridinin, the characteristic dlnoflagellate pigment (cf. van den Hoek 1978 , Parsons et al. 1984 , was never detected throughout the study period. This indicates that photosynthetic dinoflagellates are not important in the coastal waters of Roscoff, as was observed by Grall (1972a) and in the present study. The continuous presence of green algae, as revealed by the pigments chlorophyll b and lutein, was unknown untd now. Grall & Jacques (1964) noticed the presence of chlorophyll b, but the spectrophotometric technique used is not reliable (Lorenzen & Jeffrey 1980) . In the nearby Bay of Brest. CNDtomonads were also observed in the nannoplankton (Queguiner & Treguer 1984) ; however, here too, green algae were not mentioned. This probably because fixation with Lugol's solution is not appropriate for fragile nannoplankton (Lorenzen 1981 . Unexpected high concentrations of chlorophyll b were found by Jeffrey (1974 Jeffrey ( , 1976 and recently in many samples all over the world (Lorenzen 1981 , Gieskes & Kraay 1983b , 1986 , Hallegraeff & Jeffrey 1984 , Burkill et al. 1986 , Trees et al. 1986 ).
The pigments alloxanthin, chlorophyll b and lutein show a less pronounced variation throughout the sampling period than the diatom pigments. This agrees with previous observations in various parts of the world (Sournia 1968 , Grall 1972a , Hallegraeff 1981 , Queguiner & Treguer 1984 , Hallegraeff & Reid 1986 ) that the nannoplankton does not show the important seasonal variation observed in the microplankton. Epifluorescence counts made at approximately fortnightly intervals show a fairly constant abundance of picoplankton in Roscoff waters (ca 106cells I-', of which about 50 O/ O consists of cyanobacteria; D. Vaulot pers.
comm.).
Alloxanthin (cryptomonads), chlorophyll b and lutein (green algae) and chlorophyll c and fucoxanthin (diatoms) exhibit different concentration patterns, indicating that the presence of one of the algal classes had no important influences on the other classes. Nevertheless, it is surprising that the chlorophyll b concentrations also decreased during the decline of the diatom bloom. Explanation of this coincidence necessitates further studies on the ecological requirements of the respective groups.
None of the phaeophorbide-like chlorophyll a derivatives were detected at h g h concentrations. However, during the decline of the bloom (Day 174) phaeophorbide a-like 1 and 2 each attained about 25 % of the chlorophyll a concentration. Phaeophorbide a-like derivatives were found in faecal pellets of copepods (Vernet 1983 ) and Hawkins et al. (1986) observed that phaeophorbide a-like derivatives were the most abundant chlorophyll a degradation product in the faeces of the mussel Mytdus edulis. The observed derivatives are probably the result of zooplankton grazing. This grazing was probably very important during the bloom, since the mesozooplankton showed its annual maximum density during this period (Sournia et al. 1987) . The hypothesis of Vernet (1983) , that increased degradation is reflected by increased polarity of the phaeophorbide alike derivatives, was confirmed by Roy (1986) . The present results, however, do not support this hypothesis, as the more polar compounds do not show any increase following high concentrations of the less polar compounds. However, this difference can be caused by photo-oxidation of phaeophorbide a-like derivatives (cf. SooHoo & Kiefer 1982a, b) .
Phaeophytina and the same phaeophyhn a-like derivative were also observed in phytoplankton samples and copepod faecal pellets (Vernet 1983 , Roy 1986 . Engelkes (1985) , however, observed 2 phaeophytin a-like derivatives in copepod grazing experiments and concluded that only phaeophytin a-like derivatives and no phaeophytin a are formed during copepod grazing. Our results confirm this conclusion, since the highest concentrations of the phaeophytin a-like derivative coincided with the maximum mesozooplankton density (Day 161; Sournia et al. 1987) , while high phaeophytin a concentrations were observed when the mesozooplankton density was much lower. The phaeophyhns seem to be a less important chlorophyll a degradation product than phaeophorbides, since they were less often detected and the amount of phaeophyhns was much lower than the sum of the phaeophorbides.
Chlorophylhde a was only observed in low concentrations (less than 1 O/ O of chlorophyll a) with highest concentrations just before the culmination of the bloom. These high concentrations coinclde with high concentrations of the phaeophytin a-like derivative, which indicates copepod grazing. The chlorophyllide a is probably the result of superfluous feeding by copepods (i.e. producing disrupted but not ingested cells; cf. Gieskes & Kraay 1980). Much higher chlorophyllide a concentrations in respect to chlorophyll a were observed by Gieskes & Kraay (1980) , Hallegraeff (1981) , Gowen et al. (1983) and Ridout & Morris (1985) . High chlorophyllide a concentrations were in these 4 cases associated with a bloom of the diatoms Skeletonema costatum and/or Chaetoceros sp. Degradation of chlorophyll a to chlorophyllide a is known to occur readily during the filtration of fragile chlorophyllase-containing diatoms (Jeffrey & Hallegraeff unpubl. in Hallegraeff 1981) and especially with S. costatum (Suzuki & Fujita 1986 ). We did not observe high chlorophyllide a concentrations and S. costatum and Chaetoceros spp. were only minor components of the diatom populations on the days when pigments were analysed.
Phaeophytm b was detected in most of the samples, whereas it was never or hardly ever detected in other studies (Sartory 1985 , Trees et al. 1986 ). Phaeophytin b is probably, like the phaeophybn a-like derivative, the result of copepod grazing. Thus, the presence of phaeophytin b indicates that copepods were grazing directly on the small nannoplanktonic green algae. Protozoa were not rare, but since they are able to digest pigments and degradation products of pigments (Burklll et al. 1986 , Klein et al. 1986 ), it is not likely that the observed phaeophybn b resulted from protozoan grazing.
The usefulness of correspondence analysis in biological oceanography has been shown (e.g. Malmgren et al. 1978) . In the present study the phytoplankton pigment composition as determined by HPLC is used for the first time in a correspondence analysis. The samples taken during the bloom period are all grouped together and the decline of the bloom is clearly shown, whereas the pre-and post-bloom samples are not grouped because of their great variability. The inclusion of the pigment points among the sample points proved to be particularly demonstrative in the diagram.
